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Introduction
Lithium-ion batteries are newcomers on the automotive market, with a high growth potential. More and more vehicles contain this type of battery, from small hybrids to all-electric cars. The price of these vehicles is higher than that of an internal combustion engine car, largely due to the high battery cost [1] [2] [3] [4] . Currently, government incentives all around the world are driving car electrification development, but electric vehicle cost reduction will be essential for long-term market sustainability. Therefore, battery costs must be lowered.
A lithium-ion battery is a complex system with various components [5] . The central part is the cell, where the energy storage through electrochemical reactions takes place. The characteristics of a battery are directly linked to the number of cells inside the pack and to the cells properties. This study is done at the cell level, in order to focus only on material and cell design choices, and thus avoiding the interference of side effects at the battery level. Figure 1 gives a schematic on the inside of a prismatic cell, which is basically a stack of positive electrode, separator, and negative electrode layers, soaked with an electrolyte and enclosed in a container. Both electrodes are based on a lithium intercalation compounds, and lithium ions move from the negative electrode to the positive one during discharge, and inversely during charging (by convention, the term «cathode» refer to the positive electrode and « anode » refer to the negative electrode). The separator and the electrolyte are used for the electronic isolation and ionic conduction between the two electrodes.
Within this study, one key parameter of the cell design is studied: the electrode thickness. In order to avoid any misunderstanding, we choose to use the term "electrode coating thickness." It is so clear that only the layer containing active material, without the current collector is considered, as illustrated in Figure 1 .
The literature on lithium-ion battery cost reduction is mainly focused on new materials with better properties, while fewer studies are devoted to the subject of battery engineering for cost reduction. Yet, significant cost reduction can be achieved by optimizing current battery design. Today, many materials and cell designs are possible for lithium-ion batteries, all with direct impacts on battery behavior [6] [7] [8] . Thus, determining the best battery configuration is a complex matter requiring a rigorous method of comparison, encompassing technical and economic aspects.
In the literature, several works have focused on the lithium-ion battery cost. One of the most complete works on the topic is the freely available Battery Performance and Cost (BatPac) model of the Argonne National Laboratory [9, 10] , which contains both a cell design model and a cell cost analysis model. It allows the user to calculate the cost of a wide range of battery configurations. Circa 10 years before the publication of this tool, the Argonne national laboratory had already published a comprehensive report from Gaines and Cuenca [11] , on the lithium-ion batteries cost analysis.
Another useful work available for battery cost optimization is the TIAX work, presented each year since 2009 at the United States Department of Energy (DOE) merit review [12] . This document gives precious indications on electrode design, especially surface capacity, and material choices for a cost-effective battery. A study by Brodd and Helou focused on another cost aspect: the effect of plant location on cost [13] . Other studies propose methods to evaluate battery cost: with a bottom-up cost model [3, 14, 15] , experience curve [16] , review and extrapolation of existing models [17] [18] [19] [20] [21] [22] , or empiric formulae [23, 24] .
Battery cost has thus been the subject of many studies, several of which take the influence of materials into account. By contrast, the effect of the cell design on cost, especially of the electrode coating thickness, has been much less studied. Rempel et al. [12] , Xue et al. [25] , and Nelson et al. [10] have suggested that electrode coating thickness plays a major role on cost. While numerous articles are dealing with the technical effects of thick or thin electrodes [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , none are dedicated to the study of the effects on cost.
Within this document, a hypothesis will be introduced: the electrode coating thickness should be used as a pivotal parameter during a cell cost analysis. To demonstrate this hypothesis we will first present our method for cell cost modeling. Then, we will observe the results, and explain the various phenomena acting. Finally, we will analyze the possible bias or limitations of this study. Thus, we are able to conclude on the accuracy of our hypothesis.
Method
During the initial phase of our study, we designed 90 Wh cells using a cell design software. Cells from this size are currently used in battery electric vehicles (BEV) or in plug-in hybrid electric vehicles (PHEV), as for example in the Volkswagen e-golf [37] or the Ford C-Max Plug-in Hybrid [38] . These cells were designed with four cathode materials and six different electrode coating thicknesses. Then, we calculated the cost of these cells for a volume of 10 million cells per year using our own cost model.
Battery design
The cells were designed using the cell design model from the Argonne National Laboratory (BatPac) [9, 10] . Despite some slight limitations, the model provides results with a level of accuracy sufficient for our study [10, 39] . The cells designed are stacked cells in a pouch container (see Fig. 1 ), a widespread cell design in the battery industry [40] , used by several car makers on their EVs and PHEVs, as Ford [41] For this study, ceramic coated separator has been considered. Compared to classic polyolefin separators used in the cell design model, ceramic coated ones enhance the thermal stability of cells, and improve the cell behavior during safety tests, which is of primary importance for automotive applications [43] . Furthermore, this type of separator facilitates the manufacturing of cell, by improving the global cell wettability [44] [45] [46] . This explains why, according to our vision of the market, these separators are widespread for automotive applications. The thickness, porosity, and density of the considered separator are, respectively, 24 lm, 41%, and 1 g cm À3 .
For cathode materials other than LFP (NMC, LMO, and NCA), the electrode porosity was taken at 32%, as it is in the cell design model (BatPac [9] ). For LFP cathode, the design model porosity of 50% was reduced to 40%, which appears to be an accurate value for this material [29, 31, 47] . Since porosity is a sensitive parameter for cell density and cost, this avoids an unfair comparison of the materials within this study.
The effect of electrode coating thickness as defined in Figure 1 was studied. Generally, the positive and negative electrodes of a cell have not the same coating thickness. Depending on the material volumetric capacity (mAh cm À3 ) and of the balancing, the thickest electrode can be the positive or the negative one. The balancing is defined as the anode to cathode ratio of surface capacity (mAh cm À2 ). This ratio depends on the materials, but is always higher than 1, to avoid lithium plating and enhance cell durability. We chose to use the electrode coating thickness of the thickest electrodes as a parameter. Our assumption was indeed that the electrode coating limitation concerned the two electrodes, and should be applied to both. To illustrate this hypothesis, Table 1 shows the thickness of both electrodes for each material for a maximum electrode thickness of 50 lm. The electrode with the maximum coating thickness is the positive one in the LMO and LFP cell, while the negative one is the thicker electrode in the NMC and NCA cells.
Since the designed batteries are for EVs or PHEVs, we take the 50 lm coating thickness as the lower limit. Thinner electrodes will not be economically viable for such automotive applications. A coating thickness of 100 lm is taken as the upper coating limit because, according to the literature, it appears to be the current maximum realistic thickness in automotive applications, for durability, process ability, mechanical integrity, and rate capability reasons [10, 30, 32, 33, 47] .
The cell footprint (i.e., width and length of the electrodes within the cell) is a fixed parameter (100 9 200 mm) in this study. Cell thickness is not fixed, and thus slightly changes between each cell. The cell thickness variation range is between 14.1 and 8.7 mm for all cells designed within this study.
Material cost
The material cost data used were provided by material suppliers during the second half of 2011 in the context of the European project "Helios" [48] . "Requests for information" were sent to certain major suppliers, asking them to give an estimation of their prices for a material with four different quantity scenarios. The Helios data were summarized in prices fitting the quantities required for this study: 10 million of 90 Wh cells per year. The related active material quantities are given in Table 2 .
These values should not be considered absolute or definitive. Firstly, under the generic material names, their characteristics (such as metal content, particle size and shape, morphology, distribution, and crystallite size) may vary between suppliers, thus the properties can be slightly different [35, 49] . Secondly, material prices are dependent on raw material prices. The given prices are based on the main metal prices of 22 $ kg À1 for Nickel and 38 $ kg
À1
for Cobalt (September 2011). Finally, since these prices were obtained during a project without commercial applications, they are possibly above the prices that could be achieved through actual negotiation. Our values are of the same magnitude as data found in the literature [10, 12] . However, since the metal prices and volumes are not the same, we cannot make a direct price comparison. But it appears that, in relation to the other materials (price relatively to NCA on Table 2 ), the NMC price obtained during the Helios project is slightly lower compared with these studies.
The costs for the materials common to all cells and electrodes are displayed in Table 3 . The costs of the binder, binder solvent (NMP for positive electrode and water for negative electrode), and aluminum foil were taken Table 1 . Thickness of the positive and negative electrodes for each material for a maximum coating thickness of 50 lm. from BatPac [10] , while the remaining costs were provided by the Helios project [48] . For the separator, specific to our cells, the quantity required per year has an influence on the cost. For an electrode coating thickness twice as high, the same energy per cell is achieved with half the quantity of separators. Thus, a price evolution of this component with the quantity required per year is taken into account. The separator price is 2.5 $ m À2 if more than 15.10 6 m 2 are needed per year, else the price is 2.7 $ m À2 .
Total cost calculation
For this study, an innovative cell cost model has been developed, based on our knowledge of the current lithium-ion cells manufacturing. This model has been validated internally with tests on several offers from lithium-ion batteries suppliers. The reasons for the choice of this model instead of models from the literature are presented in Model accuracy and contribution. Our model is described below. The total cell cost is divided into three parts: purchase cost, process cost, and overheads and other fees.
Purchase cost
The purchase cost is computed using the mass of materials and components of the cell, and their cost per kilogram. The total material cost is also calculated as follows:
where Sr i is the scrap rate, m i is the weight of component or material i (kg), and C i is the cost of component or material i ($ kg À1 ). A single scrap rate (1.09) is used for the cell materials and components affected by a fabrication loss. This is a rather high value in comparison with other industries, linked to the immaturity of the industry.
Process cost
The process cost includes direct labor, equipment depreciation, operating and maintenance costs, indirect factory costs, and infrastructure costs. Our model is based on a standard hypothesis: the factory of the supplier manufactures cells for several customers. The cost of one cell is calculated in function of the supplier lines occupation for this cell. This occupation time is estimated from a reference cell, using adequate ratios. Ratio parameter used depends on the manufacturing step, and we found that four parameters have an influence on the manufacturing cost. The process cost is divided into three parts with different ratio parameters: electrode manufacturing, cell stacking, and cell filling and formation, with:
where Pro electrodes is the electrode manufacturing related portion ($ m À2 ), S is the surface of electrode per cell, T is the electrode coating thickness, and T ref is the electrode coating reference thickness (70 lm). The ratio parameters for the estimation of electrode manufacturing cost are also the surface of electrode per cell (S), and the electrode coating thickness (T). Pro electrodes corresponds to the electrode manufacturing cost of the reference, divided by the surface of electrode for the reference cell. The modeling of this cost considers the electrode coating thickness as a cost inductor, through the correction factor (T/T ref )
0.2 : the thicker the electrode, the harder the coating and the drying step, the more expensive the process. The correction factor choice is an empiric hypothesis based on our observations of the relation between electrode manufacturing speed and electrode coating thickness.
Cell stacking cost ¼ Pro cell assy Â N where Pro cell assy is the cell assembly related portion ($ per bicells, with bicells definition of Nelson et al. [10] ) and N the number of bicells per cell. The ratio parameter for the estimation of cell stacking cost is also the number of bicells per cell (N). Pro cell assy corresponds to the cell stacking cost of the reference cell, divided by the number of bicells for the reference cell.
Cell filling and formation cost ¼ Pro fixed
Pro fixed is the filling and formation related portion ($ per cell). This part of the manufacturing process is considered as the same for each cell. The ratio parameter for the cell filling and formation cost is also the cell.
The process coefficients, Pro electrodes , Pro cell assy , and Pro fixed , have been determined based on our own knowledge and on discussions with several manufacturer, as follows: Pro electrodes = 1.93 $ m À2 , Pro cell assy = 0.05 $ per bicell, and Pro fixed = 1.79 $ per cell. They do not depend on the number of cells manufactured per year: this reflect the fact that the modeled factory manufactures cells for several customers.
Overheads and other fees
The third part of our model encompasses overheads and other fees: the purchasing and sales departments, administration, R&D, licenses and royalties, financial charges, margin, and warranty. It is indexed on the process cost (66% of this cost, representative value according to our survey), plus a warranty and insurance part (5.6% of the overall cost). The overheads and other fees cost was also calculated as follows:
Overheads and other fees ¼ 66% Â ðProcess costÞ þ 5:6% Â ðPurchase cost þ Process cost þ 66% Â ðProcess costÞÞ
The accuracy of our model has been tested and validated on several suppliers' offers. The coefficients used here are representative of the manufacturing cost on a high volume factory (capacity of 1-10 GWh per year). Naturally, it is not an absolute cost, since each suppliers has it is own manufacturing cost, depending on his competitiveness.
Results
Within this section, the results of our simulations are presented and analyzed. At first, the impact of the cathode material on cost is quantified. Then, the electrode coating thickness effect on cost is shown, as well as his effect on cell properties. Finally, a comparison with another design parameter is done.
Impact of positive electrode material on cost
According to our results shown in Figure 2 , the cheapest cell for an electrode coating thickness of 50 lm is the one using NMC. This result was expected, since NMC is one of the most widely used materials in automotive lithiumion batteries [15, 40] . The NCA cell is slightly more expensive (+3.7%). The LMO and LFP cells are the most expensive: the NMC cell is 18.2% cheaper than the LMO cell and 23.8% cheaper than the LFP cell. According to Figure 2 , the LFP and LMO material costs per cell are lower than the NMC cost. However, the entire NMC cell is cheaper, since other material portions as well as the process, overheads, and other fees are cheaper. This is due to better properties, giving the NMC more energy per kilogram and per cubic centimeter compared with LMO or LFP. Thus, two effects are combined.
Firstly, a material with more energy per kilogram than another one requires a lower quantity of material to obtain the same energy. Thus, if the material is more expensive per kilogram, the extra cost would be lower or even reversed on the material cost per kilowatt hour. This explains, for example, why the LMO material cost per cell is only 27% less than NMC, while the material cost per kilogram of LMO is 48% less.
Secondly, a material with more energy per cubic centimeter needs less volume to produce the same energy. Thus, for a fixed electrode coating thickness and porosity, less current collector surface area requires coating. The extra active material cost is saved via the reduction of nonactive parts (current collector and separator), the reduction of process time, and overheads and other fees linked to less material handling. The combination of these two effects results in a NMC cell that is cheaper than the LMO cell.
The cell costs indicated in Figure 2 correspond These cell costs are slightly above some recent estimations available in the literature [50, 51] . This is mainly due to the electrode coating thickness limited to 50 lm. Furthermore, since the goal of this study was to understand the effect of electrode coating thickness on cost rather than estimate precisely the current cost for cells suppliers, we did not try to obtain market challenging output values.
Impact of electrode coating thickness on cost
The cost per kilowatt hour of a cell according to the electrode coating thickness is shown on Figure 3 . The cost reduction between the ranges of 50 and 100 lm is: 24% for NMC, 24% for NCA, 29% for LFP, and 30% for LMO. This indicates that the cell cost can be reduced by 25% if the coating thickness is doubled, with the hypothesis used in our model. For an increase in thickness of 10 lm (from 50 to 60 lm), the NMC cell cost is 7% lower (285 $ kWh À1 instead of 307). And for 20 lm thicker electrodes (70 lm), the cost is 13% lower (266 $ kW À1 ).
The major role on cell cost of the electrode coating thickness for a cell cost analysis appears also clearly on Figure 3 . Costs of the cells clearly depend on this parameter. This figure also suggests that electrode coating thickness seems to influence the cost comparison of several positive electrode materials. This is why we propose to fix the electrode coating thickness at a given porosity for such a comparison. Figure 4 shows the cost breakdown for the same cell (NMC), with two different electrode coating thicknesses. The material and components portion is affected, thanks to the reduction of nonactive components. The process cost is also reduced, thanks to the electrode surface and number of layers per cell reduction. Overheads and other fees are also decreased due to the reduction of purchases to be handled, and the process cost improvement. Savings on process are proportionally slightly more significant (32%) than savings on purchasing (28% without cathode active material). Figure 5 shows the cost breakdown with two different electrode coating thicknesses, but this time with LMO as positive electrode. Savings on process (36%) and purchasing (32% without cathode active material) for the LMO cells are more significant than savings for the NMC cells. For the NCA cells, the cost evolution is close to the NMC cells (Fig. 4) , and thus as not been represented. The LFP cells cost evolution is close to the LMO cells (Fig. 5) .
The potential savings due to an electrode coating thickness reduction have been quantified and clearly indicate a substantial improvement. Figure 3 shows also the key role of this parameter to compare several cells cost. This is why we have formulated the following hypothesis: this parameter has to be fixed for an unbiased comparison of several cathode materials. To investigate the accuracy of this suggestion, the technical and economic role of this parameter will be further investigated thereafter.
Effect of electrode coating thickness on cell properties
The major parameters impacted by the electrodes thickness, according to our research on the topic are presented below.
Cell power
The required power has an influence on the cell design, especially for a PHEV battery, due to the low energy of the battery [52] . Accordingly, power will be a key parameter in determining the electrode coating thickness. On the contrary, if the power requirement is less stringent, such as in a purely EV applications, the power requirement has less influence on battery design and cost.
Manufacturing ability
The manufacturing ability of an electrode is another parameter influenced by the electrode thickness: it is easier to handle thin electrodes. We found little information in the literature on this topic, although it is a key parameter form an industrial point of view [49] . Nevertheless, our model encompasses this effect in the study range of thickness (50-100 lm), through the factor (T/T ref )
0.2 (see Process cost).
Durability
Battery durability depends on several phenomena among which the electrode thickness: the thicker the coating, the worse the aging capability. This link between electrode coating thickness and capacity fade has been occasionally described in the literature, and is hardly quantifiable. [32, [53] [54] [55] . Although this parameter is worth mentioning, the quantification of his effect is beyond the scope of this study. The topic is broad and complex, and must be further investigated, as suggested by Zheng et al. [32] .
Mass and volume
Cell volume and mass have an impact on the total battery cost: the smaller and lighter the cell, the simpler and cheaper the modules and pack. Furthermore, carmakers are willing to pay more for a lightweight battery, since it improves energy consumption. They are also willing to pay more for a lower battery volume, for integration reasons, especially for a PHEV. Figure 6 shows that NMC and NCA allow more lightweight cells. In addition to reducing cost, increasing the coating thickness also reduces the cell mass, as it has already been largely suggested on the literature [36, [56] [57] [58] . This is due to the reduction of the nonactive parts of the cell. Cell mass as cell volume reductions of circa 15% are achieved between the electrode coating thicknesses of 50 and 100 lm.
Other parameter effects
In this study, only the electrode coating thickness is studied. The effects of an electrode composition modification or of an electrode porosity change are interesting ways to improve cells' design. These parameters offer opportunities to reduce cells cost, with different impacts on cell behavior than electrode coating thickness. Except for the LFP cathode porosity, these parameters have been kept as they were in the cell design model. More challenging values are probably currently used by lithium-ion cells suppliers [28, 29, 33, 56, [58] [59] [60] [61] .
Impact of electrode surface capacity on cost
Within this study, we are suggesting to compare the influence on cost of several cathode materials at the same electrode coating thickness (at a given porosity). The cost classification obtained so (Fig. 3: NMC cost < NCA cost < LMO cost < LFP cost) seems to be in contradiction with some results in the literature [12, 15] . Yet, if the coating thickness parameter is replaced by the electrode surface capacity as in Figure 7 , the material cost classification is largely modified.
Both parameters are bound: the surface capacity correspond to the electrode coating thickness multiply by the electrode volume capacity. Since the porosity is the same (32%) for all of the materials in this study except LFP (40%), for a given electrode coating thickness, the surface capacity will be higher for materials with a better volume density. The electrode volumetric capacities (electrode composition and porosity included) are as follows: NMC = 359 mAh cm . With the same coating thickness and porosity, NCA has also a far better capacity than LMO.
For a coating thickness of 50 lm, the electrode surface capacity of NMC and NCA is 1.76 mAh cm À2 , as it is 1.11 mAh cm À2 for LMO and 1.26 mAh cm À2 for LFP.
This explains why the chemistry cost ranking is different for the electrode surface capacity parameter versus the electrode coating thickness (Fig. 3 vs. Fig. 7 ). This remark raises an issue: which design parameter is the most suitable for the cost classification of the materials? As there are a lot of scenarios, it is not possible to answer to this question generally. But for high-energy applications, where low currents are used, the overpotential and thus losses within the cell are not crucial. Our point of view, based on discussions with several cell suppliers, is that the main reason for the limitation of the electrode coating thickness is the manufacturing process (quality of the coating, homogenous particles distribution, mechanical strength of the electrode, processing speed). This is why we have used this parameter for the comparison of cost of cells for energy applications.
Discussion Model accuracy and contribution
Although there are already several battery cost models available in the literature [3, 13, 14, 16, 19, 20, 22, 24] , a new one has been developed for this study. In our view, the cost tool developed by the Argonne National Laboratory (Batpac) [9, 10] is the state-of-the-art battery cost model, but some hypothesis are unsatisfactory.
Firstly, the modeled factory is dedicated to one customer, which is not a usual hypothesis for cost analysis of automotive parts. Secondly, the number of layers per cell is not a cost inductor for the process cost. Finally, process slowing down related to thicker electrodes is not taken into account. For all of these reasons, we used our own model, which fits better to the aim of this work: the study of the electrode coating thickness.
To better understand the impact of this choice, we compared the results of the two models (Fig. 8) . We substituted the material prices of the BatPac cost model with our data (see Table 2 ). Thus, the differences between the two models are only due to the process and the overheads and other fees costs.
The results are shown in Figure 8 for NMC and LFP. The cost reduction is more pronounced with our model. This means that the cost is more impacted by the electrode coating thickness, because the number of layers and the electrode coating thickness are cost inductors in our model. The electrode coating thickness effect on cost is also sharpened up with our model.
The cost difference between LFP and NMC cells is bigger with our model as with the BatPac model. This is mainly related to the fact that, contrary to BatPac, our model is influenced by the number of layers inside the cells. Since LFP cells have a high number of layers (e.g., 54 bicells at 50 lm instead of 35 bicells for NMC), the modeled cost of cell stacking is higher.
Sensitivity to active material prices
The uncertainty linked with estimating the cost of lithium-ion cells depends on several factors. An evaluation of the spread in the calculated cell price if the inputs are in error allows a critical view of the results. Different methods for this topic can be found in the literature, including statistical analysis [9, 10] or Monte Carlo analysis [12, 62] .
Since only active material price varies between each cell, a sensitivity study on this parameter has been made. For each material, a minimum and a maximum value have been estimated, based on our expertise and on the literature values (Table 4) . For NMC and NCA, cobalt and nickel prices represent a high risk for prices, thus the range of values is wider than for LMO and LFP. Figure 9 depicts the maximum and minimum cell cost using the low, baseline, and high values of Table 4 , for a coating thickness of 100 lm. Cell cost varies between 6.6% for NMC, 6% for NCA, 4.6% for LFP, and 6.3% for LMO. The NMC and NCA cells remain the cheapest ones and the LFP cell the most expensive.
If the active materials prices are lower, then the material share is reduced. Therefore, the percentage in cost reduction due to thicker electrodes will be higher. Thus, with the lower cost hypothesis for NMC (23 $ kg À1 ), the gain between the electrode thickness of 50 and 100 lm is almost the same in absolute value (74 $ kWh À1 ), but the relative value is 25% instead of 24% previously. Since materials cost will probably decrease in the future (scale effects, production improvements), the gain obtain with thicker electrodes will be more noticeable.
Other cost drivers
Certain elements were not studied here, but they may nevertheless impact battery cost. We would like to highlight them to avoid any false conclusions. For certain materials with better thermal stability properties such as LFP, a certain degree of cost reduction may be envisaged, while maintaining the same level of safety for the system [63] . It is possible to increase the cell's useable state of charge and thus directly save some dollars per kilowatt hour. It may also be possible to avoid the use of a coated separator. According to our model, the savings on LFP cell cost is 27 and 15 $ kWh À1 for the cells with an electrode coating thickness of 50 and 100 lm. And finally, it may be possible to avoid the use of a cooling system at the battery system level. The same organic binder solvent was used for all of the positive electrode materials. However, certain active materials, especially LFP, could possibly be handled with water-based electrode formulations, also allowing a cost reduction [64] . According to the BatPac model, the savings would be circa 4 $ kWh À1 on the LFP cell cost.
Furthermore, carmakers are responsible for battery recycling. The recycling cost will depend on several parameters. Batteries with high contents of expensive metals such as NMC and NCA batteries will be cheaper to recycle thanks to the metal resale value. The cost difference between NMC and LFP battery recycling has been studied notably by Kwade et al. [65] . According to the data of this study, the recycling cost difference magnitude between an NMC battery and an LFP battery is of 2 $ kWh À1 . This value is highly dependent on metal values. A high potential strategy, applied by some suppliers, is to use composite cathodes with a blend of two types of materials. Such strategies allow a better fitting of the chemistry to a project needs [41] .
Conclusions
The purpose of this study was to highlight the technical and economic issues arising in lithium-ion cells for automotive applications, and to indicate some potential solutions to lower the cost. The electrode coating thickness appears as a key parameter on cell cost analysis. Its major role on cost analysis has rarely been underlined even less quantified in the literature. Within this article, we have suggested the essential function of this parameter for the cost analysis. Our results have shown that, with the assumptions used, doubling the electrode coating thickness from 50 to 100 lm at a given porosity could save roughly 25% of the cell cost. An increase of the electrode coating thickness is also a promising way to reduce the lithium-ion cells cost.
Four positive electrode materials were compared in this study. The total energy cost of these four cells for an electrode coating thickness of 100 lm was 233 $ kWh Since high electrode coating thicknesses are attractive to reduce cell cost and mass, but detrimental to the power, aging, and process ability of the cell, we have highlighted that cell cost is the result of a design tradeoff. The electrode coating thickness at a given porosity appears as a pivotal parameter for the comparisons of the cost of energy cells with several active materials. Further research on electrode coating thickness will be necessary to better understand the electrochemical limitations on these topics, and after all, improve the behavior of cells with thick electrodes.
In our next step, other materials not currently marketed, such as lithium manganese phosphate, lithium rich, or high-voltage spinel will be included in the future work.
